Abstract The microbiological quality of recreational waters (RW) has been assessed through the use of microbial indicators. Usually, three typical fecal bacteria, namely fecal coliforms, Escherichia coli and Enterococcus spp., are deemed by legislation and regulatory agencies for routine monitoring of the fecal contamination in RW. However, these traditional indicators have some limitations, as they underestimate health risks and do not determine the sources of contamination. Currently, the increasing concern with the minimization of human health risks associated with recreational water use and the protection of water resources outweigh the actual normative perspective. The potentials and limitations of conventional and alternative fecal contamination detection systems must be carefully evaluated, taking into account the specificities of each recreational water body and the natural or anthropogenic sources of environmental variability. The careful choice of analysis for detection and quantification of indicators in the light of their potential and shortcomings is of major importance for the timely evaluation of risks and implementation of strategies that effectively protect users and preserve water quality. This paper presents a critical literature review of the traditional and innovative methodologies for the analysis of fecal indicators in recreational water and intends to discuss their contribution for the management of the microbiological quality and safety of leisure surface waters.
Introduction
The surface waters may be an important disease transmission vehicle due to the exposure of users to pathogenic organisms present in the water bodies. The health risk linked to the presence of these microorganisms depends on the pathogen form, type and concentration. A large variety of pathogenic forms may occur, including indigenous and external microorganisms, usually with considerable fecal content. The major cause of the presence of the pathogenic organisms in RW is anthropogenic activities, land use, and fecal pollution sources. Nevertheless, waterborne pathogenic organisms can occur ubiquitously in many aquatic habitats and humid soils. They are an important part of the biocoenosis in various substrates or water systems, especially in their preferred habitats, the biofilms.
Bacteria, protozoa and viruses, have been identified as the primary source of microbiological water contamination usually responsible for waterborne diseases (Russel and Walling 2007) . However, additional groups, such as helminths worms and fungi, appear less frequently, specially at significant levels of contamination.
Routes of exposure to pathogens in RW are direct dermal contact, ingestion and inhalation resulting in adverse health effects (USEPA 2012) . In addition to the public health aspects, the quality and safety of recreational inland and coastal waters is of utmost importance to bathers and other users, with a significant impact on the economy, particularly in tourist zones. Ensuring RW safety is a priority in the management of water resources, and a major concern for investors and economic operators. Moreover, the protection of these water bodies in the perspective of climate change and the urgent need for a wise management of ecological resources are priority stakes. This requires a strict program of surveillance of the microbiological quality of RW. Because of the biological diversity of pathogens, their power and infectious form, the intermittence of their appearance and low concentrations in water environment, and the lack of standardized methods for rapid analysis, their detection and quantification is difficult. Furthermore, the direct monitoring of a single pathogen can only provide specific information about it and does not allow gauging the presence of other potential contaminants (unless the degree of co-occurrence is established). Hence, although very promising techniques for pathogen analysis have been developed (Castillo et al. 2015) , the assessment of RW safety monitoring still relies on the quantification of surrogate microorganisms, which are usually associated with fecal origin, being so-called fecal indicator bacteria (FIB) . The FIB constitute a pathogen screening tool, that allows an easy cost-effective monitoring of the microbiological quality changes of water. Unfortunately, FIB monitoring is presently based on cultural methods that give results in 24-48 h, which hinders the provision of real-time information. This way, timely decisions could not be taken and the risk is raised. Hence, a great deal of research has been done so as to develop fast methods for both FIB quantification (Oliver et al. 2014) , and the tracking of fecal contamination sources, desirably with the ability for online monitoring.
In this manuscript, we present an overview of several pathogen indicators and quantification methods to ensure the microbiological quality of RW. This article is structured into five sections. After this introduction, ''Microbial pathogens in recreational waters'' makes a brief survey of the presence and sources of pathogens in recreational waters. ''Indicators and microbiological guidelines'' is dedicated to the discussion between conventional and alternative microbial indicators as well as a comparative analysis of their advantages and constraints. ''Methods for assessment of microbial water quality'' explores the traditional and alternative methods for assessment of microbial water quality, especially in RW. In the same previous logic, we also present a comparative analysis between strengths and weaknesses of the available methods. Finally, ''Conclusions and future perspectives'' concludes the article by depicting the main drivers and constraints of indicators and methods for monitoring the microbiological content of RW.
Microbial pathogens in recreational waters
The deterioration of microbial quality of waters is related to the presence of microorganisms susceptible of causing infections or intoxications to users upon exposure. Some of the most common diseases are gastrointestinal illness, nausea and cramps, primary amoebae meningoencephalitis that leads to brain and meningeal inflammation, along with waterborne virus diseases, namely respiratory diseases, e.g., acute febrile respiratory illness, pneumonia, conjunctivitis. Other pathologies, e.g., typhoid fever, hepatitis, cholera, are less frequent (USEPA 2012) . Examples of hazardous microbial forms of fecal origin found in contaminated beaches, streams and lake waters used for recreational activities are presented in Table 1 .
Irrespective of their origin, microbial contamination loads may decay, persist or grow, depending on the microbial species and forms [e.g., vegetative cells, endospores, viruses, protozoan (oo)cysts], environmental conditions (e.g., UV irradiation, temperature, growth substrate availability, concentration of oxygen, transport characteristics, pH, salinity) and the presence of other microorganisms (bacteria, viruses and predators) . The interaction between biotic and abiotic factors, particularly climate factors, may contribute to the establishment of seasonal patterns of occurrence. Campylobacteriosis, salmonellosis, vero-cytotoxigenic and E. coli in temperate regions, are more frequent in summer and decrease in winter. Among the protozoan diseases, cryptosporidiosis has a well-defined seasonality (with spring and summer peaks) while giardiasis is less seasonal. Regional temperature and precipitation influence the persistence, transfer and proliferation of waterborne pathogens (Bouzid 2016) . In temperate latitudes, during the colder months, the number of waterborne pathogens and associated indicators decrease, while in tropical climates, the warmest period favors the survival and re-inoculation of microbes in surface water (Pandey et al. 2012 ). Another factor is the impact of climate change on pathogenic behavior. Climate-induced trends (e.g., increased winter precipitation and extreme precipitation events during summer, increased runoff, increased duration and frequency of heat waves and heat extremes) affect the persistence and dispersal of waterborne pathogens in myriad ways, especially for environmentally ubiquitous and/or zoonotic microorganisms.
Pathogenic microorganisms are found among autochthonous communities (e.g., cyanobacteria, protozoa, vibrios) and are introduced into waters in various ways. These pathogens can be found in association with marine animals, phytoplankton, zooplankton, sediments and detritus (Cabral, 2010) . Some infectious bacteria are indigenous to freshwater environments (Aeromonas hydrophila, Naegleria fowleri, Legionella pneumophila) and to marine and brackish waters (e.g., Vibrio cholerae and other vibrios, Aeromonas spp.). Sediments, submerged aquatic vegetation and other aquatic organisms like protozoa (e.g., amoebae) may be natural reservoirs of many types of pathogens (Pandey et al. 2012) . Beach sand and soil on the banks of rivers, lakes, ponds or estuaries are also significant sources of biological contaminants (e.g., Campylobacter spp., Cryptosporidium and Giardia cysts, Aspergillus sp., Trichophyton sp. and Microsporum sp. (Whitman et al. 2014) . Fecal pollution of beach sand may be directly caused by animal droppings or developed as an indirect result of inundation with contaminated water from an adjacent river lake or sea. Pathogens may persist and/or re-grow in beach sand driven by periodic wetting through wave heights and tides and the concentration of fecal indicators in sand may be even greater than that observed in RW (Halliday and Gast 2011) . Soils are also a relevant source of pathogens and may have concentrations of microorganisms up to 100-fold higher than in nearby waters (Sabino et al. 2014) . The pathogens can be deposited on the land surface and subsequently conveyed to the stream during and after rainfall events achieving the RW (Ogden et al. 2009 ). Although pathogenic microorganisms may be found among natural aquatic bacterial communities, pathogens occurring in RW also emanate from contamination with fecal material transported by untreated or deficiently treated discharge and runoff waters. Environmental sources of pathogens include urban, slaughterhouse and animal husbandry wastewaters, sewer overflows, especially during heavy rainfall periods, human fecal discharge from boats and feces of waterfowl (e.g., gulls and geese). Runoff waters from agricultural land treated with manure or used for livestock grazing or penning and leaking septic tanks are also sources of microbial pathogens. Due to the variety of pathogen sources and their impacts in terms of public health, it is important to trace the origin of microbial contamination. Microbial source tracking (MST), which includes many decision-making steps and refers to a group of analytical protocols to trace the origin of fecal contamination, is currently a valuable tool for the management and mitigation of this form of pollution.
Indicators and microbiological guidelines
The number of hazardous microorganisms and the diversity of forms and physiological conditions where they occur as water contaminants makes analytical procedures of detection and quantification complex, laborious and costly. Also, the scarcity of necessary skills and equipment in laboratories may hinder the routine analyses of pathogens in water. Many pathogens are not easily detected, because they occur in very small numbers and are difficult to culture . Hence, vegetative cells and endospores of bacteria that are numerous in the feces of humans and warm-blooded animals are commonly used as sentinel and interpreted as indicators of elevated pathogenic risk. Because of inherent difficulties within the process of pathogen detection and quantification, microbiological water quality assessment is made by the evaluation of microorganism indicators. In the context of RW assessment, an indicator is a surrogate used to demonstrate or predict water bodies' vulnerability to contamination, and/or the potential for public health risk outcomes. The commonly used indicators are FIB, which are used to estimate the potential presence or absence of hardto-detect target pathogenic organisms surviving under similar physical, chemical, and nutrient conditions. The ideal fecal indicator should include each one of the following criteria: it cannot be able to multiply outside the intestinal tract; its, survival, decay and transport rate in the extra-enteric environments should be similar to pathogens; its density should be directly correlated with the degree of fecal contamination and public health risk; it should be interpreted as a surrogate for many different pathogens and it should be affordable to analyze with basic equipment requirements (Ferguson and Signoretto 2011) .
While the use of FIB to assess the microbiological quality of RW safety is consensual, there is not a universal agreement on which indicator organisms are most useful. Systems of indicators have evolved in time and are still debatable.
Conventional indicators of fecal contamination
The classical indicators commonly used in assessing the fecal contamination of RW are the coliform group (total coliforms, fecal coliforms, E. coli); streptococci (enterococci, fecal streptococci) and spore formers (Clostridium perfringens). The study of these indicators is made by defining levels of risk in relation to the total spectrum of waterborne pathogens; i.e., the presence of bacterial, viral and protozoan pathogens. Table 2 summarizes the compliance of traditional fecal indicators with the main criteria for the selection of indicator microorganisms.
Coliforms belong to a single taxonomic family of Enterobacteriaceae. They are capable of aerobic and facultative anaerobic growth. They ferment lactose with gas production at 35°C within 48 h and are b-galactosidase positive (Lebaron et al. 2005) . While some members of the coliform group are common in the intestinal tract of mammals and birds (e.g., E. coli), others occur in soil and on the surface of plants (e.g., Klebsiella, Enterobacter aerogenes, Enterobacter cloacae) and are not directly associated with fecal contamination. Hence, the coliform group represents not only the intestinal bacteria, but also other free-living (non-fecal) coliforms. Much of the doubtful situations where coliform measurements cannot always be linked to the input of fecal wastes can be avoided by using fecal coliforms (FC) as indicators. The term FC was originally used to identify a subset of the coliform group of a purely fecal origin, distinguishable by their capacity to grow at 44.5°C. However, free-living environmental FC may occur. Therefore, these organisms are not absolutely reliable as FIB (Wade et al. 2006) . So, the FC is replaced by thermo-tolerant coliforms (TC) because they are more closely linked to fecal contamination. The TC are coliforms resistant to high temperatures, able to grow and ferment lactose with the production of gas at 44°C within 24 h and includes thermo-tolerant strains of Klebsiella spp., Enterobacter spp. and Citrobacter spp. However, some TC species (e.g., genus Klebsiella derived from pulp and paper mill effluents) have been isolated from environmental samples in the apparent absence of fecal contamination. Typically, E. coli is the main bacterium within the majority of the TC. It is characterized by indole production from tryptophan. It is also enzymatically distinguished by the lack of urease and the presence of bglucuronidase. As part of the natural and commensal inhabitants of the normal gut microbiota, most of E. coli strains are innocuous, but a small portion of them are pathogenic. Because E. coli is consistently found in human, farm animal and pet feces with a much higher abundance than other coliforms, this bacterium has been regarded as the only coliform almost exclusively associated with a fecal source (WHO 2012) . The significant association between E. coli and gastrointestinal illness (Wu et al. 2011) , survival rates similar to many fecal bacterial pathogens (Cook and Bolster 2007) and the availability of affordable, fast, sensitive, specific and easy detection methods for E. coli (Wade et al. 2006 ) justifies a replacement of the TC by E. coli in indicator systems.
In addition, other indicators such as the intestinal enterococci and Clostridium perfringens spores and (or) vegetative cells, have also been used over the time and can be helpful when used in combination with coliforms, like E. coli. Intestinal enterococci are a subgroup of organisms defined as fecal streptococci. These are a taxonomically heterogeneous cocci set associated with the gastrointestinal tract of humans and warm-blooded animals, and are represented by various species from the genus Streptococcus (e.g., Streptococcus bovis and S. equinus) and genus Enterococcus (e.g., Enterococcus faecalis, E. faecium, E. durans, E. hirae, E. cecorum). Initially classified in the genus Streptococcus, the enterococci are distinguished by their ability to grow at temperatures ranging from 10 to 45°C in 6.5% NaCl at pH 9.6, survive at 60°C for 30 min, reduce 0.1% methylene blue and give a positive reaction with Lancefield's Group D antisera. They also express the enzyme b-glucosidase. In 1984, enterococci were given formal genus status, after genetic (DNA-DNA and DNA-RNA hybridization) studies demonstrated a more distant relationship with the streptococci. The Enterococcus was proposed as a unique genus, separate from Streptococcus (Byappanahalli et al. 2012) . According to ISO 7899-2, intestinal enterococci are able to reduce 2,3,5-triphenyltetrazolium chloride to formazan and to hydrolyse esculin at 44°C on the selective media, Slanetz and Bartley agar, containing sodium azide, which inhibits the growth of Gram-negative and staphylococci. Intestinal enterococci are typically found in the intestinal tract and feces of humans and animals, and some data suggest that E. faecium and E. faecalis may be more prevalent in human feces than other enterococcal species (Boehm and Sassoubre 2014). However, some members of the intestinal enterococci have also been detected in soil in the absence of fecal contamination, and occasionally from other habitats (Health Canada 2012). Intestinal enterococci are able to survive under a wide range of environmental conditions including extremes of temperature and salt concentration and due to their ubiquity in human feces and persistence in the environment. They may better mimic the fate and dispersion of the most resistant pathogens, such as viruses (Wade et al. 2006 ). Thus, they are currently considered as the most informative indicators in the microbiological monitoring of marine RW. Nonetheless, debate is now starting to be raised about the use of intestinal enterococci as FIB (Boehm and Sassoubre 2014) . Clostridium perfringens is the species of clostridia, spore-forming bacteria, associated with the feces of humans and warm-blooded animals. Spores of C. perfringens can generally persist longer in water than nonsporeforming bacteria such as coliforms (Wade et al. 2006) . It has been considered that this anaerobe is a useful indicator of past pollution and a good tracer to follow the fate of pathogens, especially parasitic protozoan and enteric viruses (Health Canada 2012). C. perfringens is a better indicator for certain pathogenic protozoa than E. coli (Field and Samadpour 2007) . It is also used as an alternative FIB in tropical and subtropical waters because other indicator bacteria may regrow in these environments (Ferguson and Signoretto 2011) . Furthermore, the resistance of bacterial spores can make the C. perfringens an interesting indicator of fecal contamination in waters receiving toxic industrial wastes that rapidly inactivate other bacterial indicators. On the other hand, C. perfringens may be present at concentrations mistakenly considered to be indicative of a health risk long after the pathogens have declined to acceptable levels. Exceptionally, the long survival of C. perfringens in the water environment creates a residual population of this organism, which can obscure the detection of low densities of recent polluting discharges to the receiving waters.
Quality guidelines based on FIB
The indicator systems based on national standards or guidelines for the microbiological quality of RW in countries such as Australia, the USA and European Union have considerably changed in terms of FIB. For more than one hundred years, bacteria of the coliform group (total coliforms), the FC thermo-tolerant members of the coliform group, intestinal enterococci and vegetative cells and endospores of clostridia have been used as FIB (Savichtcheva and Okabe 2006) . Before the 1980s, the microbial standard most commonly used in the USA and Europe was based on total and fecal coliforms. Total coliforms were rejected because they are not specific for fecal contamination, and were not regarded as good indicators of vulnerability to waterborne hazard. Instead, the more fecal-specific FC were considered to provide a more realistic estimate of the health hazard. The United States Environmental Protection Agency and the National Technical Advisory Committee recommended the sole use of FC as FIB to evaluate the microbiological quality of RW. Later, the TC designation started to be used, although they also include organisms whose source is not exclusively fecal, weakening their reliability as FIB. Actually, E. coli is the only member of (thermo-tolerant) coliforms that, together with (intestinal) enterococci, satisfies most of the criteria for an ideal FIB. Multiple studies have shown that E. coli and enterococci correlate better with disease outbreaks than other classical indicators (Byappanahalli et al. 2012) and are regarded as the best candidates to primary and mandatory fecal indicators in RW (Wu et al. 2011; USEPA 2012) . The definition of FIB risk analysis, the results of epidemiological studies, the correlation between FIB and the occurrence of pathogens and the reflections of the scientific-technical community have lead United States Environmental Protection Agency (USEPA) to recommend the use of E. coli and enterococci as FIB to RW (USEPA, 1986). This was followed by the Canadian Authorities (CCREM 1991) as well as the International Organization for Standardization (ISO 1998a, b) . Following the EPA Clean Water Act §304 recommendations, several states in the USA adopted E. coli or intestinal enterococci concentrations as criteria for the hazards to human health (USEPA 2012). These FIB were also recommended by World Health Organization (WHO) and adopted by the Australian and New Zealand Environment Conservation Council (ANZECC 2000) and European Union RW guidelines as water-quality indicators for RW. In the European Bathing Water Directive (Directive 2006/7/EC of 15.02), EU removed total coliforms as FIB from legislation, and replaced FC and fecal streptococci by E. coli and intestinal enterococci, respectively. Despite the major objective of analyzing FIB is to infer the risk associated to the presence of pathogens and consequently, of the possible public health hazard, the conventional FIB are unable to predict, under certain conditions, public health risks (Dorevitch et al. 2012) . The performance of the traditional FIB as surrogates has not been sufficient to ensure microbiological safety of RW due to its intrinsic limitations.
Limitations of FIB-based guidelines
Because of the exclusive reliance of current legislation on FIB, monitoring has focused only on these microorganisms and lost sight of pathogens. Although an indicator should be correlated with the presence of pathogens and have a similar survival profile to the ones it detects, sometimes the FIB concentrations are not always correlated with the concentration of pathogens. Some studies have demonstrated a low or absent correlation with the presence of pathogenic forms, e.g., protozoan parasites and enteric viruses, virions, endospores, (oo)cysts (Wu et al. 2011) , and a variable degree of correlation with viral and zoonotic pathogens (Ahmed et al. 2010 ). This issue is generally attributed to the widely differing physiology, phylogeny and ecology of FIB and pathogens. For example, E. coli and enterococci are not well correlated with pathogenic Cryptosporidium and Giardia spp. (Lemarchand and Lebaron 2003; Harwood et al. 2005) , Salmonella spp. (Lemarchand and Lebaron 2003) , Campylobacter spp. and human enteroviruses (Lemarchand and Lebaron 2003; Hellein et al. 2011 ). In addition, conventional FIB also have drawbacks including faster death than viral pathogens in water, and growth outside the animal host. E. coli and enterococci survive and grow in natural environments, such as fresh water lakes and streams, algal wrack (Byappanahalli et al. 2003) , beach sand, soils and sediments (Whitman et al. 2014) . Also, the FIB cannot identify the source of contamination (point vs non-point source; human vs animal). Another constraint associated with FIB-based guidelines is the low amenability for sensor detection and real-time monitoring limitation, which hinder early-warnings and the timely implementation of measures to control or mitigate contaminations and protect public health (e.g., interdiction of beach). The absence of such measures might cause loss of valuable recreation access and disrupt local tourism-dependent businesses (WHO 2012) . Another issue that is currently under discussion is associated with the impacts of the potential effects of climate change on the FBI. It is widely accepted that the climate change conditions have been associated with a modification of FIB prevalence and dispersion. Exposure routes and the risks posed by RW-borne pathogens to future communities may be very different than those posed today (Bouzid 2016) . Increased surface water temperature is expected to alter environmental conditions within an aquatic ecosystem (e.g., promoting phytoplankton biomass, increasing levels of sediments and dissolved organic carbon in water column), and to result in generally higher microbial activity as well as changes in the pathogenic community composition (Coffey et al. 2014) . Despite major concern about how climate changes will alter the dynamics of aquatic ecosystem, predictions about certain bacterial and protozoa productivity can be made, namely which ones exhibit higher growth rates with increasing temperature (e.g., Clostridium botulinum, Campylobacter and Vibrio cholera (Ogden et al. 2009; Cabral 2010) ). Special attention should be given to viral community associated with RW, namely the human adenovirus, hepatitis A and E, dengue virus which can pose risk to public health in the future (Bouzid 2016) . Similarly, combined changes in rainfall, temperature, and human land use will have important impacts on FIB behavior. Increased cases of waterborne diseases due to urban flooding with association of erosion, sediment transport and rural and suburban drainage, with a high concentration of pathogenic organisms, may be the other important health consequences of climate change. Efforts to accurately model extreme weather conditions (i.e., precipitation and temperature) may be further complex as a result of uncertainty in simulating the re-suspension of bacteria in sediment and bacteria decay/growth in the environment (Coffey et al. 2014) . The high erosion rates, driven by climate change, will further increase the development of sediment deposition and resuspension zones along with potential reservoirs for FIB. Although the exact nature and magnitude of the effects of climate change on recreational water and public health risk remains ambiguous, they could exacerbate waterborne pathogenic problems (Coffey et al. 2014) . So, the efforts to decide upon the appropriate surrogates used to ensure RW safety in a climate change scenario are deemed vital.
With previously mentioned conditions and the need to think beyond legislation, rapid methods for the analysis have been proposed, and alternative indicators of fecal contamination have been considered.
Alternative microbial indicators
To address the limitations of traditional FIB, the screening of unconventional microbes has been proposed as a way of finding more suitable indicators of microbiological water quality. Fecal anaerobes, especially Bacteroides spp., Bifidobacterium spp. and bacteriophages have been addressed as potential FIB or viruses. Some studies also focused on Firmicutes (McLellan et al. 2013) , Methanobrevibacter smithii, a common anaerobic archaeon in the intestine was found in sewage (Johnston et al. 2010) , and human polyomavirus (Hellein et al. 2011) . Fecal anaerobes may be more indicative of the presence of pathogens because they are unlikely to grow once released from their host into the environment. Bacteroides have long been considered a candidate indicator of fecal contamination, because they are among the dominant bacterial groups in the human gut (Wade et al. 2006 ) and consequently their high occurrence in human feces can reach concentrations outnumbering E. coli concentrations by as much as 100-to 1000-fold (Health Canada 2012). Also, due to their inability to grow in the environment, they are expected to persist for much shorter periods than conventional FIB and their concentrations in animal scat are 2-5 orders of magnitude lower than human feces (Converse et al. 2009 ). Bacteroides spp., are Gram-negative, obligate anaerobic bacteria, whose dominant species are B. fragilis, B. vulgatus, B. distasonis and B. thetaiotaomicron. Detection of Bacteroides genetic markers in RW is a relatively new area of research, but molecular markers have been developed for the genus that are generally more concentrated in human fecal material than animal (Converse et al. 2009) , and have been shown to be sensitive markers of human sewage in microbial sourcetracking efforts . The research undertaken to date suggests that Bacteroides markers may have a stronger role as a secondary indicator of fecal contamination, providing information on the potential sources of fecal material (Health Canada 2012) .
The genus Bifidobacterium is Gram-positive, obligate anaerobe and represents the third most abundant bacterial population in the human intestine, after Bacteroides and Eubacterium (Health Canada 2012). Bifidobacterium species are exclusively of fecal origin and some of them occur in human feces more than E. coli. Moreover, they were also frequently detected in cases of little difference in the concentrations of FC, enterococci, or clostridia between human and animal fecal contamination. Therefore, unlike conventional FIB, Bifidobacterium spp. might be used to discriminate the origin of fecal pollution, even in tropical freshwaters (Savichtcheva and Okabe 2006) . Due to their physiology and complex growth requirements, Bifidobacterium spp. are unlikely to grow in water, in contrast with E. coli. Despite the advantages of Bifidobacterium spp. to act as potential indicators of fecal contamination in RW, there is still a gap in current knowledge on their extraenteric behavior and persistence in water environments (Savichtcheva and Okabe 2006) .
Bacteriophages, or simply phages are viruses that infect bacteria. They might be appropriate biological entities to predict the behavior of enteric viruses in water environments. Despite their role in the assessment of microbiological quality of RW, there is no consensus on the suitable group of bacteriophages to be used. However, somatic coliphages, F (male)-specific RNA bacteriophages (FRNA phages), and phages of Bacteroides fragilis have been proposed as model virus indicators of fecal contamination and biotracers of contamination sources. They are thought to more closely resemble enteric viruses because of their morphology and survival characteristics, environmental persistence and resistance to disinfection, as compared with the traditional FIB (Health Canada 2012). Commonly, the amount of phages is ten times higher than that of enteroviruses in environmental water samples (Savichtcheva and Okabe 2006) . However, enteric viruses have been detected in water environments in the absence of somatic coliphages, and some of them may replicate in water environments (Health Canada 2012 Some studies demonstrated a better correlation of these with infectious enteroviruses and enteric viruses than somatic phages (Health Canada 2012; USEPA 2012) and significant correlations with adenoviruses in environmental waters (Wu et al. 2011) , although their presence does not always correlate with the occurrence of human enteric viruses (Hot et al. 2003) . Despite the interesting physical (size and shape) resemblance of F ? RNA phages to human viruses, and their significance in sewage and wastewater, their value as reliable indicators of fecal contamination (enteric viruses) is still controversial (Health Canada 2012). Therefore, F
? RNA phages may be more useful as a surrogate of potential pathogen than a primary indicator of fecal contamination.
Bacteriophages of Bacteroides fragilis are viruses that infect B. fragilis. Nevertheless, the concentration of B. fragilis phages, isolated from sewage, have been shown to be lower than that of B. fragilis and also lower than somatic coliphages and then F-specific RNA bacteriophages. However, phages of B. fragilis might combine some desirable properties from both the coliphage group and Bacteroides spp. Their survival in extra-enteric environments is comparable (or better) than enteric viruses (Llivina et al. 2005) . They also seem to be the most persistent of the phage indicators (WHO 2003) . Their inability to grow in the environment, the structural similarities to the enteric viruses and their specificity for indicator of human fecal contamination (e.g., B. fragilis HSP 40 strain) are potential useful properties to make phages of B. fragilis a possible alternative surrogate.
Combined systems of indicators
In general, none of the organisms discussed previously can be used as a universal indicator nor can they overcome all limitations of standard FIB in assessing microbial safety of RW. There is a general consensus around the idea that public health is not adequately protected based only on the detection of a single indicator and requires the combined monitoring of alternative indicators along with the conventional ones. It may also be recommended that this set include indicators of recent and old contaminations. The question lies in defining the set of indicators, allowing the most suitable approach to safety of microbiological RW quality. Few studies have been conducted on establishing a correlation between (enteric) pathogens with FIB, and therefore providing some guidance in identifying potential alternative indicators of fecal contamination. Wu et al. (2011) concluded that, among the indicators analyzed, the F-specific coliphages are better indicators for viral pathogens while C. perfringens are likely to be useful indicators for the group of pathogens covered herein (Salmonella, Cryptosporidium, Giardia, adenoviruses, Enteroviruses).
E. coli and enterococci do not correlate better with pathogens than other indicators, but their detection in water is generally interpreted as indicative of fecal contamination. As the coliphages frequently correlate with viral pathogens (namely adenovirus), the inclusion of this indicator has also been proposed.
A brief description of traditional indicators and some new potential microbial indicators for RW contamination is given in Table 3 .
Methods for assessment of microbial water quality
Traditionally, RW have been routinely assessed for FIB by culture-based conventional methods. However, the long time required for delivery of accurate results, the intrinsic low sensitivity, the lack of specificity and reliability and inability to indicate the source of contamination of these methods have been widely pointed as important drawbacks. A set of alternative microbiological methods has been proposed which can fall into two main groups: molecular and enzymatic methods. Also, some approaches are solely based on a single technique, whereas other strategies take advantage of the combination of different methods. A brief description of commonly available methods for assessment of microbial RW quality is made below.
Conventional methods
The classical techniques are based on metabolic reactions or growth response after a suitable incubation period in an appropriate substrate. These methods are generally accepted in FIB routine analyses that mainly include multiple tube fermentation (MTF) and membrane filter (MF).
In the MTF procedure/most probable number (MPN) procedure, tenfold dilutions of the water are added to tubes containing the appropriate medium, incubated and then followed up through the additional confirmation steps. The results of this procedure are only a statistical estimate of the number of bacteria that does not give an accurate count of their actual number.
By incorporating synthetic substrates for marker enzymes (chromogen, fluorogen or a combination of both) in the broth medium, the traditional methods can be made to a specific group, genus or species and might reduce the analysis time. It is possible to save time through these methods because the target organisms are characterized by a specific enzyme that, after the substrate hydrolysis, releases to the media a color or a fluorophore product. In membrane filter (MF) procedure, the water sample is filtered and the filter is then placed on a standard presumptive bacteria solid medium which requires additional steps to confirm their presence, or on a medium containing synthetic enzyme-substrates for the specific detection and confirmation in a single step of target organisms before incubation. In this approach, the isolated discrete colonies of bacteria exhibit fluorescence under UV light or change color due to the action of the enzyme.
These methods can be easily adapted to any analytical capacities of the site. They are relatively cheap, very easy to use and require no complex equipment. Moreover, there are currently several accredited methods providing a standardized protocol that facilitates comparison amongst different laboratories. On the other hand, they require at least 24 h before a result can be obtained. These methods are non-specific, so it is difficult to identify the source of contamination (human or animal) or even if the bacteria are actually from fecal matter and not a native soil population (Byappanahalli et al. 2012) . The other disadvantage of conventional cultivation-based methods is a weak level of detection of slow-growing or stressed cells, i.e., cells in a ''viable-but-not-culturable'' state (VBNC), causing strong underestimations when compared with the number of intact cells.
Alternative methods
Alternatively, molecular and enzymatic methods have been developed to overcome the less favorable aspects of conventional ones. In the molecular methods, the objective is to label the target microorganism by binding it to molecular structures on the exterior surface or to structures within the interior of a cell. The first ones can be classified as immunological methods, and the others as nucleic acid methods. The range of these available methods has increased, because they are able to achieve a high degree of sensitivity and specificity Also, they are adaptable to a wider set of indicators and pathogens at a low costs (Gilbride, 2014 ). However, they may not distinguish live from dead bacteria and they require extensive training and highly specialized equipment.
Immunological methods
Immunological methods are based on the specificity of the antigen-antibody complex and the high affinity that is a characteristic of this recognition reaction. Common use of the antigen-antibody binding reactions includes cell capture by enzyme-linked immunosorbent assay (ELISA), immunomagnetic assays (IMS), or targeted cell detection through immunofluorescence assay (IFA) or immuno-enzyme assay (IEA). The enzyme-linked fluorescent immunoassay is a cellular component-based technology that tags an antibody with an enzyme. Antibodies can be raised and conjugated to enzymes that catalyze the breakdown of chromogenic or fluorogenic substrates. After incubation, an enzyme substrate is added. The formation of a pigmented product is indicative of the amount of enzymes present in the sample, and the amount of microorganism is obtained. Assay times vary from 24 to 52 h for bacteria and enrichment may be necessary to ensure detection (Zourob et al. 2008) . Various easy-to-use commercial ELISA kits are available, especially for clinical and food application (such as the Wellcolex kits, VIDAS and Mini-VIDAS), but availability and research for environmental water application is needed. In IFA assay, the antibodies are tagged with a dye that fluoresces under UV light. The enumeration can be accomplished by epifluorescent microscopy or solid-phase cytometry after filtration of the water sample, or even by flow cytometry. Enumeration of positive reactions provides a measurement of population size. Despite the usage of IFA in the environment water namely for the evaluation of fecal contamination in samples from coastal and lake waters (Caruso et al. 2000 (Caruso et al. , 2002 , there is still a continuing need for further research in this field. An example of a commercially available instrument is Chem Scan Ò , which can detect and enumerate fluorescent bacteria.
Nucleic acid-based methods
Nucleic acid methods have the ability to detect nucleic acids such as DNA or RNA, by introduction of a probe, and to allow the characterization of bacteria by genotype, rather than by phenotype and thus require the identification of a unique genetic signature for individual or groups of microorganism strains. The probes can be labeled with a radioisotope, an enzyme, a fluorescent or a chromogen. The most commonly used hybridization strategies are fluorescence in situ hybridization (FISH) and the polymerase chain reaction (PCR). In the FISH technique, primarily oligonucleotide probes (short probes) are used to detect complementary nucleic acid sequences within intact cells. After processing the sample and if the target microorganism is present, the reaction results in the microorganism ''glowing''. Then, after hybridization and following the post-hybridization washing, the specifically stained cells are usually detected by epifluorescence microscopy. FISH is currently considered as a highly specific cellular detection method, namely in water environments, and relatively easy to perform (Roldan et al. 2013) . FISH has been used to detect viable E. coli in river water (Garcia-Armisen and Servais 2004). Nevertheless, the specificity of detection depends on the specificity of the oligonucleotidic probe and on the stringency of hybridization conditions being used. Thus, for a given probe, excessive numbers of non-target bacteria may give false-positive results. A number of FISH methods have been developed and used for the detection of FIB, but the main shortcoming of this technique lies in the lack of commercial availability of probes targeting the desired bacterial taxon or group (Roldan et al. 2013) . Various commercial kits of FISH are available, such as Label IT Ò Fluorescence In Situ Hybridization Kit Cy Ò 3, fluorescein and TM-Rhodamine.
Nucleic acid amplification technology based on PCR reactions is a genotype technology and operates like a ''photocopier machine'': making copies of nucleic acid fragments (DNA or RNA), within several hours. These are amplified using polymerization techniques as used in the cell, i.e., a mirror-image copy is made and then used to make subsequent copies of the original target. The results of PCR can be detected by fluorescent double-strand DNA dyes or probes (Roldan et al. 2013) . Several modifications of the PCR technique have been presented to increase accuracy with a variety of PCR methods, such as quantitative PCR, qPCR (combining the specificity of conventional PCR with the quantitative measurement of fluorescence) and reverse transcriptase PCR, RT-PCR (using RNA rather than DNA). This technology allows the indirect detection of large groups of waterborne organisms and is recognized as a sensitivity method, a highly specific and potentially rapid detection method (Roldan et al. 2013) . It is also considered a molecular source-tracking technique (Nobel and Weisberg 2005) . Nevertheless, due to (2012) their high sensitivity, the amplification of contaminating polynucleotides can occur if careful procedures are not implemented and sample-specific substances can interfere with the PCR reaction and may seriously affect the detection limit. Furthermore, dead bacteria (e.g., autoclaved or disinfected) can still be detected by PCR, and under certain environmental conditions, false positives can be obtained. The relationship between PCR quantification and culture-based methods have been successfully used to quantify FIB at coastal and some inland water sites (Roldan et al. 2013) . Oliver et al. (2014) discussed the suitability of molecular biological methods for the enumeration of regulatory microbial parameters (e.g., FIB) in bathing waters versus the use of traditional culture-based methods of current interest to regulators and the science community. The molecular methods, such as qPCR, may offer an extra value in providing a more rapid response for bathing water 'advisory' notices following known pollution events. Some of these methods can track the source of contamination through the use of specific biomarkers or through the presence of host-specific bacteria. However, as noted by Harwood et al. (2014) in their review on MST, often, the relative abundances of the selected genetic markers are not strongly correlated with FIB or with the pathogens for which they are supposed to be a proxy. However, future improvements on this method might lead to the resolution of this issue. Another variant of PCR is the set of isothermal amplification techniques. These include (1) nucleic acid sequence-based amplification (NASBA), (2) transcriptionmediated amplification (TMA) and (3) loop-mediated isothermal amplification (LAMP). Because only a water bath or block heater is enough for DNA amplification since the method uses isothermal conditions and is suitable under field conditions (Notomi et al. 2000) . The LAMP procedure is very simple and rapid wherein the amplification can be completed in less than 1 h under isothermal conditions employing a set of six specially designed primers spanning eight distinct sequences of a target gene, by incubating all the reagents in a single tube. Gene copy number can be visualized by the naked eye either as turbidity or in the form of a color change. Also, when reaction is combined with reverse transcription, RNA can be amplified as well (Parida et al. 2007 ). The developed LAMP technique is more specific, rapid and simple to perform than PCR, and the assay has successfully been applied for detection of bacterial, viral, fungal and protozoan diseases (He et al. 2012; Gallas-Lindemann et al. 2016) . Some are ready to use LAMP kits available in the market, such as those developed by Eiken Chemical Co. However, commercial availability for environmental waters application is needed. Other versions of LAMP technique have been developed, such as Micro LAMP, Lyophilized LAMP, Electric LAMP, Multiplex LAMP (multiple targets detection) as well as Multiplex Reverse Transcription LAMP.
Finally, the DNA microarray technology, also known as DNA arrays, DNA chips or biochips, is another nucleic acid-based method which consists on the use of arrays of probes bound to a support (membrane or microchip). Amplified target DNA is hybridized with the bound probes and individual reactions are scored either using some electronic device, for example, a thin-film transistor sensor (Hu et al. 2017) or by image analysis. This technique is based on the identification of the genetic material of a microorganism in environmental samples, rather than relying on growing the microbe, or using a microscope. Large amounts of known genetic information can be stored on a very small surface and used to detect microbes in a sample by reacting with complementary DNA or RNA from the microbial population. The use of DNA microarrays has been employed to increase the speed and specificity of detection of FIB present in water bodies, namely in estuarine water (Zhou 2003) . These techniques have been developed and they may become a viable option for routine analysis and may be useful for studies that characterize the identities and sources of microbiological contaminant. DNA microarrays such as Affymetrix, Corning and Agilent Technologies are commercially available.
Enzymatic methods
The enzymatic methods are based on the detection of specific enzymes, which are produced by target microorganisms and are involved in their specific metabolic pathway. If chromogenic substrates are used, this results in a distinct color change in the medium when it is hydrolyzed, whereas fluorogenic substrates produce a fluorescent product that can be detected under UV light. Based on these principles, a defined-substrate method was developed to reduce the long assay time of the conventional techniques. The indicator substrates are specifically designed for that vital nutrient source for the only target microbes. Other competitive bacteria cannot utilize the substrate and are therefore unable to interfere with the recovery of the target. This allows differentiating the target organisms from other bacteria that might grow on the selective media and therefore can eliminate the need for subculture and further biochemical tests to establish the identity of certain microorganisms. A number of enzyme-based methods are currently commercially available, such as Colilert by the USEPA) for the detection and enumeration of E. coli at natural bathing beaches. The International Standards Organization published miniaturized MPN-based methods for coliforms/E. coli and enterococci based on the definedsubstrate approach. However, these methods to RW require to be widely used. Furthermore, the enzyme-specific substrates can be used directly with water samples and incubated under optimum conditions for the enzyme in question without a cultivation step. In this case, the detection of target microorganism is based on direct measurement of cellular amount of enzymes by hydrolysis of a chromogenic or fluorogenic substrate, which can be detected by chemiluminescence and fluorescence instruments. The direct measurement of b-D-galactosidase or b-D-glucuronidase activity with fluorogenic substrates has been used as rapid surrogate parameters for estimating the level of coliform bacteria and E. coli in water samples. Some studies (Caruso et al. 2002; Lebaron et al. 2005) showed that microbial assessments of water given by this method and the ISO standard methods were in relatively good agreement for quantification of E. coli in marine waters. However, the enzymatic results were somewhat higher than those from the cultural procedure. An alternative way is to detect the fluorescent coliforms by solid-phase cytometry and different commercial applications such as Colifast CA-100 and ChemScan Ò . The rapid enzymatic assays are useful because they are simple and rapid and could be used for routine RW microbial quality assessment as well as incorporated into early fecal contamination warning systems (Henry et al. 2012) .
Emerging methods
Despite the relevance of the techniques for detection and quantification of FIB discussed above, other biosensorbased methods have flourished in recent years (Bridle et al. 2014) . A biosensor is defined as an analytical device incorporating a molecular recognition element associated or integrated with an electrochemical, optical, mass sensitive, calorimetric or magnetic transducer (Tothill 2011) . Biosensing systems are based on a host of different platforms including liposome-immunoassays, microarrays, fluoroimmunoassays, and bioconjugated nanoparticle probes to bacteria (Bridle et al. 2014) . Biosensors are seen as a competent and promising alternative to the above methods, aiming to modernize FIB detection techniques. This is because they can be developed inexpensively into sensitive, specific and easy-to-operate tools. They can also give very rapid readings, saving hours of sample analysis time compared to conventional methods (Altintas et al. 2015) . The application of nanomaterials such as quantum dots, carbon nanotubes and smart nanostructures for the detection of indicator organisms using biosensors also plays an important role in increasing the sensitivity and capacity of these platforms. Besides biosensors, the integration of molecular technologies, such as sensors and microfluidic systems, is a promising alternative (Pires et al. 2014) . Furthermore, these alternative techniques require extensive validation before they can be accepted for routine monitoring by regulatory and accreditation bodies. On the other hand, it is widely recognized that need is urgent for improving current detection methods, particularly in issues related to speed, sensitivity, specificity and online monitoring of hazardous bacteria, without the need for sophisticated equipment or skilled analysts and with a reduced cost.
A brief comparative analysis of conventional and alternative methods for assessment of microbial RW quality is given in Table 4 . In general, most new methods are still under study, and require standardization and validation before becoming widely available. An overview of the future directions on the evaluation technology of microbiological quality of recreational water, in particular regarding the next-generation sequencing approaches can be found at Gomi et al. (2014) and Tan et al. (2015) .
Conclusions and future perspectives
The safety of recreational waters is an important and timely issue specially when dealing with public health and sustainable water management, particularly in a context of climate changes. The number of hazardous microorganisms and forms present in RW is large and the regulatory agencies approach is guided by fecal contamination events. The limitation of traditional FIB, the regulatory approach and the potential effects of climate change on pathogenic organisms and human infectious diseases need an improvement of the indicator systems. It also requires establishing effective early warning systems allowing managers to take actions toward timely protection of RW users from exposure to waterborne pathogens. The effective response to such issues requires adequate indicators of microbial contamination, as well as the respective detection and quantification methods that allow the proper assessment of environmental waters. The new approach allows to complement the use of FIB analysis with the quantification of alternative microbial indicators, like fecal anaerobes or coliphages. The choice of the spectrum of indicators, in type and number, should be adapted to the specific local environment and should go beyond the international legislation. This approach induces the need for developing and improving the effective and efficient detection of microorganisms. Due to the limitations of current technology for microbiological water quality assessment, there is a need for alternative methods. With the development and incorporation of emerging molecular technologies Detection is strictly taxonomic and requires specific and expensive equipment Lack of sensitivity with chromosomal genes or mRNA as target Not applicable to detect 1 indicator per 100 ml without concentration Can be inconclusive The design of a specific and unambiguously restrictive probe for a certain group of microorganisms is not always possible The design and optimization of hybridization conditions for a new probe is a slow and difficult process Used with some frequency Assays allow standardization and automation Specialized microbiology laboratory in microbiological analyses of water, the currently available methods are expected to become more rapid, accurate, specific, sensitive and robust. However, most of the new techniques are expensive and require sophisticated detection instruments which may remain a limitation for smaller laboratories and unattractive for field use and early warning systems application. The new biosensing methodologies represent a promising approach for future developments in the RW quality monitoring. The next-generation sequencing approaches will most likely impose a change on the definition of indicator systems and microbiological guidelines. Extensive information on the microbiota of natural water bodies is becoming available, in parallel with the characterization of gut microbiota of man and of many other warmblooded animals. That will allow the identification of the most representative indicators for risk assessments and source tracking. In addition, the massive sequencing of genomes and metagenomes will provide the bases for the identification of genetic markers. Despite the fact that these alternative methods would make an important contribution to design and implement measures of fecal contamination control and mitigation, they still need validation before they can be accepted in routine monitoring by regulatory and accreditation bodies.
Finally, it should be stressed that the pathogen indicators, as well as their quantification methods, need to be improved to allow more affordable and effective water quality control and to reduce the health risk. Adapted from: Zhou (2003) , Garcia-Armisen and Servais (2004) , Nobel and Weisberg (2005) , Zourob et al. (2008) , Roldan et al. (2013) , Harwood et al. (2014) , Oliver et al. (2014) and Castillo et al. (2015) 
